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To investigate the influence of gypsum application on methane (CH4) emission from
paddy rice soil affected by saline irrigation water, two pot experiments with the rice
cultivation were conducted. In pot experiment (I), salinity levels 30mMNaCl (S30) and
90mMNaCl (S90), that showedmaximum andminimumCH4 production in an incubation
experiment, respectively, were selected and studied without and with application of 1 Mg
gypsum ha−1(G1). In pot Experiment (II), CH4 emission was investigated under different
rates of gypsum application: 1 (G1), 2.5 (G2.5), and 5 (G5) Mg gypsum ha−1 under
a non-saline and saline condition of 25mMNaCl (S25). In Experiment (I), the smallest
CH4 emission was observed in S90. Methane emission in S30 was not significantly
different with the non-saline control. The addition of gypsum showed significant lower
CH4 emission in saline and non-saline treatments compared with non-saline control. In
Experiment (II), the CH4 emissions in the saline treatments were not significantly different
to the non-saline treatments except S25-G5. However, our work has shown that gypsum
can lower CH4 emissions under saline and non-saline conditions. Thus, gypsum can be
used as a CH4 mitigation option in non-saline as well as in saline conditions.
Keywords: methane emission, methane production, gypsum, non-saline condition, saline condition, rice growth
INTRODUCTION
The hydroponic nature of rice enables it to grow in coastal areas of humid tropical regions.
However, salinity problems are a major limiting factor for rice production in those areas due to
periodic sea water intrusion during the rainy season and irrigation water salinity during the dry
season. Out of the 130 million hectares used for rice production, about 30% contains levels of
salts that are too high for normal rice yields (Mishra, 2004). To improve the crop productivity
in saline environment, there are two major approaches: selecting cultivars that are tolerant to saline
environment and modifying the growing environment that is suitable for the normal growth of
plant. The first approach: growing salt tolerant cultivars, which was suggested as a cost effective
way to overcome the salinity problems (Hu et al., 2012). However, salinity resistance in rice has
been a concern of plant breeding for a long time and the progress in breeding for salt tolerance and
its related abiotic stress have been slow (Reddy et al., 2014). This is partly due to the complexity
of the phenomenon and the susceptibility of rice to changes in salinity during the plant’s various
developmental stages. The second approach: the addition of organic and inorganic amendments
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containing calcium ion (Ca2+) to irrigation water or soil
(Dobermann and Fairhurst, 2000) to reduce the effect of salinity
on growth and yield as Ca2+ has been reported to restrict the
entry of Na+ into the plant cells (Kader and Lindberg, 2008;
Hussain et al., 2010). The earlier study of Grieve and Fujiyama
(1987) reported that the maximum growth of salinized rice
plant can be achieved under the addition of Ca2+ concentration
about 4mM and at Na+/Ca2+ratio of around 18. Wu and
Wang (2012) have also proven that at low salinity (25mMNaCl),
the addition of Ca2+ (10mMCaCl) significantly enhanced the
selectivity for K+ over Na+ in rice. This supplemental Ca2+
can be provided directly by applying calcium chloride, gypsum
or phosphogypsum (Ghafoor et al., 2004). Furthermore, Mathad
and Hiremath (2010) stated that the application of gypsum
(CaSO4.2H2O) as a source of Ca
2+ is a well-known practice for
the amelioration and management of sodium (Na+)-saturated
waters/soils. However, these findings were based on a short
growing period in hydroponic conditions and the effects of the
soil medium were not investigated. Therefore, it is necessary to
study the influence of Ca2+ amendment on rice growth under
different soil conditions for the whole crop season.
Calcium amendment influences not only the rice plant, but
also affects the whole soil system. Paddy rice fields are known
to be the main anthropogenic source of CH4 gas emission (Liu
et al., 2012). More than 50% of global CH4 emission is related
to human activities (US EPA, 2006), among which paddy rice
fields account for 10–25% (Sakai et al., 2007). There are several
factors that can mitigate CH4 emission in paddy fields. Many
authors have reported factors that influence CH4 emission such
as soil type, climatic conditions, agronomic practices including
water and fertilizer management, organic matter amendment,
and application of pesticides, etc. (Liesack et al., 2000; Aulakh
et al., 2001; Yan et al., 2005; Zou et al., 2005; Xiong et al., 2007).
However, few studies have investigated the effects of salinity on
CH4 emission. Datta et al. (2013) observed that CH4 flux from
the saline paddy field is significantly lower than that of irrigated
inland non-saline paddy field. However, in another saline rice
field study comprising an outside saline patch and an inside saline
patch, the average CH4 emissions in no organic matter added
treatments did not differ significantly between outside and inside
patches (Supparattanapan et al., 2009). In this experiment, the
inside saline patch and outside saline patch were defined based
on the previous soil data of Grünberger et al. (2005). Grünberger
et al. (2005) mentioned that for the inside saline patch, the
electrical conductivity of soil solution is 10 dSm−1, which is
sufficient to decrease rice yield, whereas for the outside saline
patch, the soil solution’s electrical conductivity was suitable for
rice production. Thus, current CH4 emissions from saline paddy
fields are not clearly evaluated, and may even change with the use
of Ca2+ amelioration. It is therefore important to evaluate CH4
emissions under saline conditions and in relation to amelioration
practice.
The objectives of this study were therefore to evaluate the
influence of irrigation water salinity levels on CH4 emission from
paddy rice soil, and the effect of gypsum amendment on CH4
emission in relation to plant growth. For these purposes, one
incubation experiment and two pot experiments were conducted.
In the incubation experiment, the influence of saline water
on CH4 production potential was analyzed. In pot Experiment
(I), the effect of different irrigation water salinity levels and
gypsum amendment on CH4 emission during the rice-growing
season was investigated. Gypsum was used as a Ca2+ source
under different saline levels. In pot Experiment (II), the effect of
different rates of gypsum application on CH4 emission during the
rice-growing season was investigated.
MATERIALS AND METHODS
Laboratory Incubation Experiment
A composite soil sample was collected from a depth of 0–15 cm
at FM Fuchu Honmachi, Field Science Center of the Tokyo
University of Agriculture and Technology. The soil was kept
in a refrigerator for 1 week until the incubation experiment.
The background salinity level of soil (EC 1:1) was 0.23 dSm−1.
The CH4 production potential of this soil was studied at 5
salinity levels: control, 10 (S10), 30 (S30), 60 (S60), and 90
(S90) mMNaCl. The objective of this study was to evaluate the
CH4 production potential of soil by the addition of different
concentrations of NaCl solution. Twenty grams of wet soil were
put into 100-ml conical flasks and then flooded with 20ml of tap
water for the control or with different levels of saline water for
the salinity treatments. The conical flasks were fitted with rubber
stoppers possessing two tubes to facilitate flushing with nitrogen
gas (N2) and the collection of gas samples. These flasks were kept
in an incubator at 30◦C for 21 days. There were four replications
for each salinity level. Three replications were used to collect
the CH4 gas samples and another one replication was used to
monitor the changes of soil pH under each salinity level during
the incubation period by using Beckman, 8 260 pH/Temp/mV
meter. To check the redox potential value (Eh) of incubated
soil whether it could support for anaerobic condition or not,
one control sample was prepared and platinum Eh probe was
permanently inserted into that soil. The value of Eh was recorded
by using SWC-201RP, Sanyo water checker on each sampling
day. Gas samples were collected on 2, 4, 7, 14, and 21 days after
incubation. The flushing with N2 gas was carried out 1 day before
and immediately after the sampling at 250ml min−1 for 3min.
The conical flasks were shaken just before sampling to release the
CH4 entrapped within the soil.
Pot Experiments
Experimental Site
Pot Experiments (I) and (II) were conducted in the open field
of FM Fuchu Honmachi, Field Science Center of the Tokyo
University of Agriculture and Technology, Fuchu, Tokyo, Japan.
Preparation of Soil and Cultivation of Rice
The soils used in pot experiment (I) and (II) were also collected
from paddy fields in FM Fuchu Honmachi, Field Science Center
of the Tokyo University of Agriculture and Technology. Soil pH
(in H2O and 1M KCl) was measured in a 1:2.5 soil: water/1M
KCl by using Benchtop pH/Water Quality Analyzer LAQUA F-
74BW.For the purpose of soil characterization, the removal of
soil organic matter by H2O2 and carbonates by HCl was carried
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out. The soil texture analysis (fraction of sand, silt and clay) was
carried out by Pipette method. The cation exchange capacity of
soil was determined by the Scholenberger method. The detailed
physico-chemical properties of each soil are shown in Table 1
(Tanaka et al., 2008).
Indica type rice (Oryza sativa L.) variety, Dorfak cultivar
originating from Iran, was used in this study for both
experiments.
About 8 kg of soil was placed in to the Wagner pots with
the area of 0.05m2 and height of 27 cm. About 1 week before
transplanting, puddling was conducted by irrigating the pots
twice on alternate days with specific salinity levels of NaCl
solutions or tap water (control). The chemical fertilizers of
40 kg P ha−1 and 70 kg K ha−1 were applied 1 day before
transplanting. About 70 kg N ha−1 was applied in three equal
splits at basal (1 day before transplanting), active tillering stage
(2 weeks after transplanting) and panicle initiation stage (4 weeks
after transplanting). Urea, ammonium phosphate and potassium
chloride were used as a source of N, P, and K, respectively.
In pot Experiment (I), two salinity levels i.e., 30mMNaCl
(S30), and 90mMNaCl (S90) were tested. The treatments
comprised of (1) control (tap water), (2) 30mMNaCl (S30), (3)
90mMNaCl (S90), (4) gypsum 1Mg ha−1 (G1), (5) 30mMNaCl
plus gypsum 1Mg ha−1(S30-G1), and (6) 90mMNaCl plus
gypsum 1Mg ha−1(S90-G1). All treatments were laid out in a
completely randomized design with three replications. Twenty-
one-day-old seedlings were transplanted with three seedlings
per pot on 23rd June, 2010 and harvested on 30th September,
2010. A water level of about 2–3 cm was maintained in the
pots throughout the growing season by irrigating regularly
with the assigned NaCl concentration until crop maturity.
The purposes of this experiment were to examine the effects
of the saline levels (S30 and S90) on CH4 emissions in
relation to rice growth and to evaluate the effects of applying
gypsum amendment that is commonly used into saline soil,
on CH4 emission in Na-salinized paddy soil under rice
cultivation.
Based on the results of pot Experiment (I), the effects of
gypsum application on CH4 emission were evaluated in pot
Experiment (II) with 3 different gypsum application rates in
non-saline and saline conditions. Based on the rice growth
condition of pot Experiment (I) under continuous irrigation with
saline water with the salinity levels of S30 and S90, irrigation
TABLE 1 | Soil properties of Fuchu Honmachi field (Tanaka et al., 2008).
Soil type Inceptisols
Soil texture Sandy loam
Clay % 16%
Silt % 33%
Sand % 51%
pH 6.0
Total N 3.6 g kg−1
Available P2O5 51.8 g kg
−1
Available K2O 198.3mg kg
−1
CEC 19.8 cmol kg−1
water salinity level S25 was tested in pot Experiment (II) with
intermittent irrigation. The treatments were assigned according
to a randomized complete block design with 3 replications and
comprised of (1) control (tap water), (2) 25mMNaCl (S25), (3)
gypsum 1Mg ha−1 (G1), (4) gypsum 2.5Mg ha−1 (G2.5), (5)
gypsum 5Mg ha−1 (G5), (6) 25mMNaCl plus gypsum 1Mg ha−1
(S25-G1), (7) 25mMNaCl plus gypsum 2.5Mg ha−1 (S25-G2.5),
and (8) 25mMNaCl plus gypsum 5Mg ha−1 (S25-G5). Twenty-
one-day-old seedlings were transplanted with two seedlings per
pot on 21st June, 2011 and harvested on 23rd September,
2011. A water level of about 2–3 cm was maintained in pots
at each irrigation time. Irrigation was performed when the soil
water reached the saturation level (i.e., no standing water) as
intermittent irrigation.
Measured Parameters and Analytical Methods
Data regarding agronomic characters such as plant height, tiller
numbers, number of dead leaves, and soil environment were
collected at weekly intervals. The pH and EC of the flooded water
were directly measured by portable meters (Beckman, 8 260
pH/Temp/mV meter, and ES-51 COND METER, Horiba, Japan,
respectively). The Eh value of soil was monitored by inserting
platinum electrodes permanently into the soil during the rice-
growing season at a depth of 5 cm in each plot using Eh probes
(SWC-201RP, Sanyo, Japan). Soil temperature was also measured
at 5 cm depth by inserting OPTEX Thermometer TBW-3 at each
sampling time. Flowers and Flowers (2005) pointed out that the
salinity affects plants by lowering water potentials and interfering
the uptake of essential nutrients including nitrogen (N).
Furthermore, as there is an interactive effect between ammonium
(NH+4 ) and Na
+ and/or between Cl− and nitrate (NO−3 ),
surface water samples were also collected at weekly intervals for
the analysis of NH+4 and NO
−
3 ions concentrations (Hu and
Schmidhalter, 2005). Both NH+4 and NO
−
3 concentrations were
determined by using a UV spectrophotometer (UV–VI Mini
1240, Shimadzu Corporation, Kyoto, Japan). Before analysis of
these ions, water samples were filtered with 0.45µm filter papers.
For NH+4 analysis, 5ml of water samples, 2ml of solution A and
3ml of solution B were mixed and allowed to stand for about
45min. Solution A contained30 g of Na2HPO4.H2O, 39 g of
C6H5Na3O7.2H2O, 3 g of EDTA.2Na, 60 g of Phenol, and 0.02 g
of Na2Fe(CN)5NO.2H2O, which was prepared to get the final
volume of 1 Liter by adding distilled water. Solution B contained
16 g of NaOH and 20ml of NaClO, which was also prepared to get
the final volume of 1 Liter by adding distilled water. After 45min,
NH+4 was determined at the wavelength of 630 nm. For NO
−
3
analysis, no reagent was added to the 5-ml water samples and
measurements were made directly at the wavelength of 230 nm.
Total organic carbon content flooded water was also checked (2)
times at 6 and 10weeks after transplanting by using Total Organic
Carbon analyzer (TOC-VCPH, Shimadzu Corp., Japan) in the
Experiment (II).
Gas Sampling, Analysis, and Calculations
Gas sampling was undertaken at 09:00 a.m.–12:00 p.m. using a
closed-chamber method (Lu et al., 1999). The chambers used
were 100 cm in height, 30 cm in length, 30 cm in width, and
Frontiers in Environmental Science | www.frontiersin.org 3 January 2016 | Volume 3 | Article 79
Theint et al. Gypsum Fertilizer Effect on Methane Emission
were made of acrylic transparent sheets. A plastic tray with a
length of 40 cm, width of 40 cm, and height of 5 cm was filled
with 3 cm of water and placed under the pot. The chamber
was put into the tray by covering the pot, and the tray water
sealed the surrounding area of the chamber to form an airtight
chamber. A battery-operated fan and Tedlar bag were installed
at the chamber to mix the air inside the chamber and regulate
the pressure, respectively. The temperature inside the chamber
was recorded using a micro-temperature thermometer (PC-9125,
AS ONE Co., Tokyo, Japan) fitted with rubber septum inserted
into the small hole of the chamber. To assess the linear rate
increase of gas concentration emitted from the surface area of
soil inside the pot with time, gas samples were drawn from the
chambers through a three-way stopcock using a 50-ml airtight
syringe at intervals of 15min (0, 15, and 30min). The air inside
the chamber was thoroughly mixed before collecting gas samples
by flushing the syringe three times. Approximately 45ml of gas
samples were then taken with the 50-ml plastic syringe, adjusted
to 40ml and then transferred into a 20-ml pre-vacuumed glass
vial. The amount of CH4 flux was calculated using the following
equation
Q = (V/A)× (1c/1t)× (M/22.4)× (273/K) (1)
Where Q: flux of the CH4 gas (mg m
−2 min−1)
V : volume of gas chamber
A: gas emitted surface area (m2)
1c: increased or decreased change of the gas concentration
(mg m−3)
1t: unit of time intervals (min)
M: molar weight of the gas,
K: Kelvin temperature of air inside the chamber.
To get the cumulative CH4 flux over a growing season, the
average CH4 flux values between the sampling dates were
calculated at first. After that, each average CH4 flux values were
multiplied by the total number of days between the sampling
dates. Finally, the cumulative CH4 flux over a growing season
was obtained by the summation of all these average CH4 flux
values.
All the data were evaluated by an analysis of variance
(ANOVA) by using CropStat 7.0 statistical software. Comparison
of treatment means was performed using least significant
differences (LSD) at p = 0.05. Correlation and regression analysis
was performed using Sigma Plot 11.0 statistical software.
RESULTS
Laboratory Incubation Experiment
Effect of Salinity Levels on CH4 Production
The addition of NaCl kept the pH lower than that of the non-
saline control (Table 2). The Eh values were in the range −320
to −435mV. The addition of NaCl up to S30 increased CH4
production. The increase of CH4 production in salinity S10 and
S30 was 1.2 and 2 times higher than the control, respectively,
although they were not significantly different. At higher salinity
levels (S60 and S90), CH4 production was 19 to 33% lower than
the control.
TABLE 2 | Results of laboratory incubation experiment.
Treatments Soil pH Methane production potential
of soil (µg CH4/g soil/day)
(2DAI) (21DAI)
Control 6.4 7.4 130 ± 26
S10 6.3 6.7 165 ± 57
S30 6.0 6.0 200 ± 17
S60 6.0 6.0 105 ± 32
S90 6.0 6.0 100 ± 21
Values are the means± standard deviation. DAI means days after incubation. The symbol
no significant difference was found among the values of methane production potential
under each treatments.
Pot Experiments
Soil Environment During the Rice-Growing Season
In the Experiment (I), there were continuous rainy days in the
early vegetative stage (until 3 weeks after transplanting) and
there was almost no rainfall in 9–11 weeks after transplanting
(Figure 1A). In the Experiment (II), the total rainfalls (mm
in a week) in the early vegetative stage (until 3 weeks after
transplanting) were less than those in late vegetative stage (4–7
weeks after transplanting) and reproductive stage (8–12 weeks
after transplanting) (Figure 1F). Soil temperature throughout
the growing season ranged from 20 to 35◦C in Experiment (I)
(Figure 1B) and 27 to 34◦C in Experiment (II) (Figure 1G).
There was no significant difference in the temperature between
the treatments. However, a sudden drop of soil temperature
in Experiment (II) at 4 weeks after transplanting was observed
following a period of rain on that sampling day. The desired
EC level for Experiment (I) was maintained by adding saline
water or tap water. However, the desired EC level during the
first 3 weeks could not be achieved due to continuous rainy
days (Figure 1C). In Experiment (II), intermittent application of
saline water resulted in higher EC levels during the latter growth
period from 9 weeks after transplanting. The range of flooded
water’ EC value under saline condition was observed from 1.11
to 2.58 dSm-1 in the vegetative stage of rice growth (until 7
weeks after transplanting) and from 1.13 to 4.8 dSm-1 in the
reproductive stage of rice growth. Gypsum application under
saline conditions showed higher EC values compared to those
of non-saline conditions (Figure 1H). Experiment (I) showed a
high fluctuation of pH among treatments until 5 weeks after
transplanting (Figure 1D). The pH was then between 6 and
7.4 throughout the subsequent growing period. In Experiment
(II), the pH was in the range 6.7–8.4 throughout the growing
season (Figure 1I). The ranges of Eh were observed as −281 to
−415mV in Experiment (I) (Figure 1E and −254 to −440mV
in Experiment (II) (Figure 1J).
In pot Experiments I and II, the 2 highest peaks of NH+4
and NO−3 concentration were observed at and immediately
after fertilizer addition. In Experiment (I), the concentration of
NH+4 and NO
−
3 ions in flooded water was 0.14 to 12.6mg L
−1
(Figure 2A) and 0.15 to 46.1mg L−1 (Figure 2B), respectively.
The concentration of bothN ions was higher in S90 than in others
treatments. In Experiment (II), the NH+4 and NO
−
3 concentration
Frontiers in Environmental Science | www.frontiersin.org 4 January 2016 | Volume 3 | Article 79
Theint et al. Gypsum Fertilizer Effect on Methane Emission
FIGURE 1 | Distribution of rain fall and changes of soil environments under the addition of gypsum and different salinity levels. (A–E) for Experiment (I)
and (F–J) for Experiment (II). Error bars indicate standard deviation.
in flooded water was 0.02–18.7mg L−1 (Figure 2C) and 0.02–
18.5mg L−1 (Figure 2D), respectively. The NH+4 concentrations
in the non-saline control and S25 were lower than those in other
treatments at the time of the second fertilization. There was no
significant difference in NH+4 concentration during the latter
growth period (from 4 weeks after transplanting), except for S25-
G5. In the early growth period (until 5 weeks after transplanting),
the concentration of NO−3 was higher in S25 than in other
treatments.
Influence of Salinity and Gypsum Amendment on
Rice Growth
In Experiment (I), continuous irrigation with saline water
severely suppressed rice growth at both S30 and S90
salinity levels. A significant difference in the level of growth
suppression was observed between S30 and S90 immediately
after transplanting because rice growth was much more seriously
affected by salinity level S90 compared to S30 and the non-
saline control in terms of tillering pattern (Figure 3A) and
above-ground plant biomass yield (Table 3). Rice plants in S30
survived until the harvesting period, but the above-ground
plant biomass yield in S30 was significantly lower and the total
number of dead leaves was significantly higher compared to
the non-saline control (Table 3). The survival period of rice
plants in S90 was until 7 weeks after transplanting (Figure 3A)
and the lowest number of dead leaves was observed in S90
(Table 3). The addition of gypsum as a source of Ca2+ under
continuously flooded conditions with saline water suppressed the
above-ground plant biomass yield significantly when compared
with the non-saline conditions with and without the addition of
gypsum.
In Experiment (II), the above-ground plant biomass yield
under intermittent application of saline water with a salinity
level of S25 did not differ significantly from that of the non-
saline control, except for S25-G5 (Table 3). However, salinity
suppressed rice growth in terms of the number of dead leaves
(Table 4). The total number of dead leaves was significantly
higher in saline conditions compared with non-saline conditions
(Table 3). There were no significant differences in above-ground
plant biomass yield under different rates of gypsum application
such as G1 and G2.5, either in non-saline or saline conditions,
except for the addition of gypsum G5 (Table 3).
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FIGURE 2 | Changes of NH+
4
and NO−
3
concentration under the addition of gypsum and different salinity levels. (A,B) for Experiment (I) and (C,D) for
Experiment (II). Error bars indicate standard deviation.
Influence of Salinity and Gypsum Amendment on CH4
Emission
In Experiment (I), a distinct higher CH4 flux was observed
during the reproductive stage of rice growth in both non-
saline and saline conditions (Figures 4A,B). Methane emissions
gradually increased during the reproductive stage (Figure 4A),
while the rate of dead leaves also increased about 63 days
after transplanting and the tiller numbers decreased after the
maximum tillering period at about 56 days after transplanting.
The daily CH4 fluxes under saline conditions were lower
than those under non-saline conditions, especially during the
vegetative stage of rice growth. Under saline conditions, the
maximum emission (296 kg CH4 ha
−1) was found in S30 without
gypsum amendment. The amount of CH4 emission in S30
without gypsum amendment was 6% lower than that of the non-
saline control, although the difference was not significant. The
lowest CH4 emission among the treatments was observed in
S90 with gypsum amendment (55.5 kg CH4 ha
−1) and without
gypsum amendment (44.2 kg CH4 ha
−1). The addition of gypsum
suppressed CH4 emission under saline and non-saline conditions
throughout the rice-growing period. The reduced rates due to
gypsum addition were about 56% for non-saline conditions and
53–83% for saline conditions (S30-G1, and S90-G1) compared to
CH4 emission in the non-saline control (Figure 5A). Although
rice plants are known as major CH4 transport conduits, the
number of tillers in S30-G1 was significantly lower than that
in G1, even though the level of the reduced CH4 emission
rate did not differ significantly. However, the total number
of dead leaves, which can contribute as a source of organic
carbon (C) for methanogens, was higher in S30-G1 than G1
(Table 3).
In Experiment (II), CH4 emission was slightly higher during
the vegetative growth stage (Figures 4C,D). Total CH4 emission
under intermittent irrigation using saline water with salinity
level S25 did not differ significantly from that of the non-saline
control (Figure 5B). The addition of gypsum suppressed CH4
emission under non-saline and saline conditions. Under non-
saline conditions, CH4 emission in G1 was about 22% lower than
that of the non-saline control, although the difference was not
significant. Methane emission in G2.5 and G5 was significantly
lower than that of the non-saline control. Methane emissions
were reduced in G2.5 and G5 compared with the non-saline
control by 52 and 73%, respectively. Under saline conditions,
reductions of CH4 emission due to the addition of gypsum
were 23, 27, and 61% in G1, G2.5, and G5, respectively. The
results show that a higher rate of gypsum addition produces
a higher reduction of CH4 emission. Although the above-
ground plant biomass yield, which is known as a major CH4
transport conduit, did not differ significantly except for S25-G5,
the reduction of CH4 emission due to the addition of gypsum
was lower under saline conditions than non-saline conditions.
Our findings also demonstrated a negative relationship between
gypsum application rates and CH4 emission (p < 0.001) based
on the result of regression analysis (Figure 6).
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FIGURE 3 | Influence of salinity and gypsum addition upon tillering pattern of rice plants; (A) represents Experiment (I) and (B) represents Experiment
(II). Error bars indicate standard deviation.
TABLE 3 | Effect of different salinity levels and different rates of gypsum
amendment upon rice growth.
Treatments Maximum tiller Numbers of dead Above-ground plant
numbers leaves biomass
(Numbers pot−1) (Numbers pot−1) yield (g pot−1)
EXPERIMENT (I)
1. Control 67± 1.7 a 143± 8.9 b 177± 7.8 a
2. G1 64± 0.6 b 141± 9.8 b 174± 15.0 a
3. S30 60± 0.6 c 223± 11.6 a 91± 2.6 b
4. S90 14± 1.7 f 54± 2.1 d 0 c
5. S30-G1 52± 4.0 d 208± 9.5 a 64± 2.5 b
6. S90-G1 19± 0.0 e 85± 11.0 c 0 c
EXPERIMENT (II)
1. Control 54± 2.5 a 62± 6.4 b 95.89± 10.6 a
2. S25 48± 9.5 bc 86± 5.9 a 101.29± 19.7 a
3. G1 54± 3.8 a 58± 3.5 b 106.38± 1.1 a
4. G2.5 52± 5.03 ab 61± 5.3 b 95.58± 22.1 a
5. G5 55± 3.1 a 63± 5.1 b 103.16± 16.8 a
6. S25-G1 52± 3.5 ab 99± 21.8 a 90.64± 27.2 a
7. S25-G2.5 51± 4.2 ab 101± 10.0 a 104.76± 10.4 a
8. S25-G5 46± 7.0 c 95± 4.6 a 65.01± 14.6 b
Values are the means ± standard deviation (n = 3 replications). In each column, means
followed by a common letter are not significantly different by using least significant
difference (LSD) at p = 0.05.
DISCUSSION
Effect of Salinity on CH4 Emission
The present study showed that a salinity level of 90mMNaCl
(S90) suppressed CH4 emission through a lower CH4 production
potential as shown in the laboratory incubation experiment
(Table 2), and a lower biomass yield and shorter growth duration
period (Experiment I). The addition of saline irrigation water
up to salinity levelS30 was more favorable for CH4 production
(Table 2). Thus, the lower amount of CH4 emission in S30
compared with the non-saline control under rice cultivation
is not due to suppressed CH4 production. There was also
no significant difference in total CH4 emissions between S25
and the non-saline control in Experiment (II) (Figure 5B).
Ramakrishnan et al. (1998) also observed that the addition of
27mMNaCl to alluvial soil caused an almost two-fold increase
in CH4 production relative to the control, and higher addition
of NaCl resulted in an approximate 50% reduction of CH4
production. Jarrell and Kalmokoff (1988) reported that Na+ is
required by methanogenic bacteria for amino acid transport,
growth, methanogenesis, and internal pH regulation. The higher
CH4 production under saline conditions might be due to the Na
+
requirement of methanogens, and the lower CH4 production
over a specific salinity level might be due to Cl− toxicity under
higher additions of NaCl. Irrigation with NaCl solution S25
and S30 might have provided the Na required by methanogens,
thereby favoring CH4 production. The lower amount of CH4
emission in S30 compared with the non-saline control under
rice cultivation (Figure 5A) might be due to the lower above-
ground plant biomass yield (Table 3). Results showed that the
level of CH4 emission in S25 was slightly lower than that in the
non-saline control (Figure 5B), although the above-ground plant
biomass yields were slightly higher in S25 compared with the
non-saline control (Table 3). This lower CH4 emission in S25
might be due to the existence of a higher NO−3 concentration
in S25 in the early growth stage (Figure 2D). The higher
NO−3 concentration might be due to nitrification process under
intermittent irrigation and antagonistic effect of Cl− and NO−3
ions in saline condition. According to the report of Zhou
et al. (2012), the drained–reflooded paddy soil had an enhanced
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TABLE 4 | Results of ANOVA test for CH4 emission and crop growth.
Source of variation Maximum tiller numbers Total numbers of dead Above biomass CH4 emission in one
(Numbers pot−1) leaves (Numbers pot−1) yield (g pot−1) crop season (kg CH4 ha
−1)
EXPERIMENT (I)
Salinity ** ** ** **
Gypsum application rate ** ns ns **
Salinity* Gypsum application rates ** * ns **
EXPERIMENT (II)
Salinity ** ** ns ns
Gypsum application rate ns ns ns **
Salinity* Gypsum application rates ns ns * ns
**, * and ns stand for significant at 1, 5% and non-significant, respectively.
FIGURE 4 | Average CH4 emission rate under non-saline condition and saline condition; (A,B) represents Experiment (I), and (C,D) represents
Experiment (II). Error bars indicate standard deviation.
nitrification rate up to 56.8µg N g−1day−1, which was four times
higher than the flooded paddy soil and further stimulated nitrate
reduction rates. In the saline condition, the existence of Cl−
inhibits the absorption of NO−3 by rice plants (Abdelgadir et al.,
2005).
Furthermore, Dubey (2005) mentioned that soils containing
greater amounts of readily decomposable organic substrates
(acetate, formate, methanol, methylated amines, etc.) and low
amounts of electron acceptors such as ferric ion, manganese,
NO−3 and sulfate (SO
2−
4 ) are likely to show high production
of CH4. It can therefore be concluded that the extent of
CH4 emission under saline conditions is influenced not only
by the above-ground plant biomass yield, but also by the
existence of electron acceptors such as NO−3 that accumulate
in rice-growing environments due to the osmotic stress of rice
plants.
Effect of Gypsum Amendment on CH4
Emission
The observed lowering CH4 emission under gypsum application
might be due to its high SO2−4 content (Figures 5A,B). In the
presence of SO2−4 , SO
2−
4 -reducing bacteria will out compete
methanogens for the same substrates such as hydrogen (H2) or
carbon dioxide (CO2) or Acetate (CH3COO
−) that methanogens
use in CH4 production (Lindau et al., 1993; Denier van der
Gon and Neue, 1994; Epule et al., 2011). Furthermore, Gauci
et al. (2004) mentioned that SO2−4 -reducing bacteria have a
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FIGURE 5 | Total CH4 emission under salinity and gypsum application. (A) represents Experiment (I) and (B) represents Experiment(II). Means followed by a
common letter are not significantly different by using least significant differences (LSD) at p = 0.05. Error Bars indicate Standard Error.
FIGURE 6 | Relationship between total CH4 emission and gypsum
application rates. **Stands for significance at p = 0.001.
higher affinity for both H2 and CH3COO
− than methanogens,
which enables them to maintain the pool of these substrates at
concentrations too low for methanogens to use. Therefore, the
reduction of CH4 emission following the addition of gypsum
(Figures 5A,B) might be due to the competition between SO2−4 -
reducing bacteria and CH4–producing bacteria for substrates as
stated by Lindau et al. (1993), Denier van der Gon and Neue
(1994) and Epule et al. (2011). The observed CH4 reduction
under different rates of gypsum addition might be influenced
by the amount of SO2−4 added to the soil. Therefore, it can be
assumed that the higher amount of added gypsum resulted in
a higher reduction of CH4 emission. According to Denier van
der Gon et al. (2001), one mole of SO2−4 is needed to reduce
one mole of CH4 produced. These considerations support the
notion of a direct and proportional correlation between the
amount of SO2−4 added and the reduction of CH4 production.
However, the amount of SO2−4 added to a rice cultivation pot
culture might be lost from the soil through plant uptake. It may
be one possible factor that the level of CH4 reduction was not
directly proportional to the amount of SO2−4 added in the present
study.
In addition, Chin and Conrad (1995) and Rothfuss and
Conrad (1993) reported that 20–30% of CH4 production in
rice fields is derived from the conversion of H2 or CO2 and
70–80% is derived from CH3COO
−. Although sulfate-reducing
bacteria can outcompete methanogens for H2 or CO2, it is
impossible to completely outcompete them for CH3COO
− that
was derived from a native soil organic C source and dead plant
materials. Pangala et al. (2010) also indicated that level of CH4
suppression in the wetland is influenced by the ratio of SO2−4 and
organic matter. Therefore, the lower reduction of CH4 emission
under saline conditions in this study was due to the higher
availability of organic C sources from leaf senescence under these
conditions and their contribution as a source of nutrients for
methanogens.
Relation Between Rice Growth and CH4
Emission
The concentration of salts in normal soil is generally lower
than that in the cells of plants’ roots. Water is absorbed by
plant roots through a process called osmosis, which involves
movement of water from soil with lower concentration of salts to
a place that has a higher concentration of salts, inside the cells of
plants’ roots (Alex, 2006). In the Experiment (I), the maintaining
of continuous flooded condition with specific salinity levels of
either S30 or S90 inhibited the rice growth by lowering the
tiller numbers, above-ground plant biomass yield and enhancing
the numbers of dead leaves (Table 3). The addition of saline
water with salinity levels (S30) or (S90) may have disturbed
the uptake of water by plants. Moreover, higher concentration
of NH+4 and NO
−
3 in flooded water was observed in saline
condition compared with non-saline condition especially in early
stage of vegetative growth (3 weeks after transplanting). Neves-
Piestun and Bernstein (2001), and Homaei (2002) pointed out
that as the salinity and osmotic pressure increase, this process
leads to less water and nutrient absorption by plants including
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N and potassium, hence the plants growth will be stunted.
Thus, this higher NO−3 concentration (especially in S90) and
NH+4 concentration of flooded water under saline condition
might be due to less water and N nutrient uptake by the
plants under osmotic stress. Although N fertilizer was applied
as the NH+4 form in this experiment, the existence of NO
−
3
in flooded water might be contributed from rain water and
irrigation water or the conversion of NH+4 to NO
−
3 through
nitrification process in the flood water. In comparison of S30
and S90, higher NH+4 and NO
−
3 concentrations of S90 indicated
that the osmotic stress in S90 levels was much more severe than
that in S30. Thus, the shortest growth duration was observed
in S90.
In the Experiment (II), although the intermittent addition
of saline water with S25 enhanced the total numbers of dead
leaves, it did not significantly suppress the tiller numbers and the
above biomass yields except in S25-G5 (Figure 3B and Table 3).
The growth reduction in S25-G5 might be due to the higher
Ca2+concentration in S25-G5. The higher Ca2+concentration
in S25-G5 might not allow much absorption of NH+4 ion
as it is indicated by significantly higher NH+4 concentration
of flooded water in S25-G5 in the reproductive stage of
rice growth (Figure 2B). Although there was no significant
difference in NH+4 concentration in flooded water EC between
control treatment and S25, the NO−3 concentration of S25 was
significantly higher than that of control treatment in the early
stage of vegetative growth (3 weeks after transplanting, Figure 3).
This higher NO−3 concentration in S25 compared with non-
saline control treatment might be due to nitrification process in
intermittent irrigation practice and antagonistic effect of NO−3
and Cl− ions in saline condition.
The present study did not show any improvement in rice
growth in terms of tiller numbers or total number of dead
leaves following irrigation with saline water or addition of
gypsum (Table 3). When irrigation water with a high Na+
concentration relative to divalent cations is used, there will be a
great tendency for adsorption of exchangeable Na+ around soil
particles (Alobaidy et al., 2010). The purpose of adding gypsum
was to replace the monovalent Na+ ion by increasing the Ca2+
ion concentration in the root zone.
The use of gypsum (CaSO4.2H2O) as a source of Ca
2+ is a
well-established practice for the amelioration and management
of Na+-saturated waters/soils (Mathad and Hiremath, 2010). Soil
water laden with those Na+ ions is then drained or leached
out of the soil. However, both experiments in the present study
were conducted as pot experiments and the depth of a pot was
only 30 cm. The water outlets of the pots were also covered with
rubber stoppers during the whole rice-growing period, and there
was no space for regular leaching of the soil solution with Na+
ions as found occurring in ordinary field conditions. Therefore,
the regular addition of saline water could not provide sufficient
Na+/Ca2+ in the root zone, and a clear effect due to Ca2+
amendment was not found.
In both pot experiments, the addition of saline water (S25,
S30, and S90) enhanced the total numbers of dead leaves. These
dead plant materials may act as the soil organic C source
available for CH4 production because the total organic carbon
FIGURE 7 | Total organic carbon content in flooded water at panicle
initiation stage and maturity stage of rice. Error bars: SD of three
replications. The same alphabetical characters indicate values that do not
differ significantly by using LSD at p < 0.05.
(TOC) content in flooded water was detected in Experiment
(II) and the higher TOC in flooded water was observed in
saline condition compared to the non-saline condition as shown
in Figure 7. Furthermore, although there was no significant
relationship between CH4 emission and total numbers of dead
leaves under gypsum application, the value of CH4 reduction
due to gypsum addition was lower under saline condition
than that of non-saline condition. It might be due to higher
availability of C source from dead plant materials under saline
condition.
CONCLUSION
Although gypsum was added as Ca2+ source to maintain
appropriate Na+/Ca2+ in the soil, no improvement of rice
growth due to gypsum addition in saline condition might be
due to the high Na+/Ca2+ ratio under addition of saline water
into the limited space of pot. Thus, it needs to be studied in
actual fields affected by saline water. Beside this, as continuous
application of saline water suppressed the above-ground plant
biomass yield, and the intermittent application of saline water
with S25 did not severely suppress the yield, saline water with
25mMNaCl can be used for rice cultivation with intermittent
irrigation if fresh water is unavailable.
Regarding with CH4 production, saline condition (30mmol
NaCl−1) favors CH4 production. However, excessive addition
of NaCl (>30mMNaCl) can inhibit CH4 production. Although
CH4 production was favored by S30 level, the extent of CH4
emission in paddy rice cultivation was determined by the above-
biomass yield and the existence of electron acceptor such as
NO−3 in soil environment. Furthermore, the addition of gypsum
amendment (CaSO4. 2H2O) resulted in a reduction of CH4
emission. Thus, SO2−4 -containing amendment can be used as
a CH4 mitigation option in saline and non-saline conditions.
However, in the presence of SO2−4 due to gypsum addition, the
extent of CH4 emission depended not only on the SO
2−
4 content
of the soil, but also on the availability of a C source from dead
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plant materials. Finally, it can be concluded that CH4 emission
under saline conditions was not only influenced by rice growth
and salinity levels but also the existence of electron acceptors such
as NO−3 and SO
2−
4 .
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